We investigate cross-correlations in the tunneling currents through two parallel quantum dots coupled to independent electrodes and gates and interacting via an inter-dot Coulomb interaction.
Introduction -The analysis of shot noise and current correlations in quantum dots reveals important information about the dynamics of the transport processes in the system, more than what can be obtained from the current or conductance.
[1] Due to the presence of extrinsic noise sources (e.g. 1/f -noise) experiments are difficult to perform, but very recently two groups succeeded in measuring the so-called cross-correlations between two currents flowing through a quantum dot system. [2, 3, 4] Cross-correlations are also important when a quantum dot setup is used as a beam-splitter. [5, 6] In this letter we study the cross-correlations for a model of the double dot system studied by McClure et al. in Ref. 2. Two parallel quantum dots (top and bottom), interacting via an inter-dot Coulomb interaction, are coupled to four independent source or drain electrodes and two independent gates. The cross-correlations between the currents through the two dots, plotted as a function of two gate voltages at fixed transport bias, form regions of positive or negative sign. Depending on the strength of the inter-dot Coulomb interaction, the temperature, and the transport bias we observe various shapes of these regions, namely spherical shapes, L-shapes, or stripes. In particular, L-shapes and stripes develop as the temperature is lowered, confirming what may have been observed in experiments. [7] We find that the observed structure of the cross-correlations is due to the combination of various transport processes between the charge states that can be reached at the given transport bias.
Model -We consider two parallel single-level quantum dots (top and bottom (i = t, b)) with level energies ǫ i , onsite Coulomb repulsion U and inter-dot Coulomb interaction U nn .The double dot Hamiltonian readŝ
Since tunneling between the dots is suppressed the energies of the double dot eigenstates are fully determined by the dot occupation number n iσ = c † iσ c iσ . The dots are coupled via the usual terms H T,r = ikσ t r i a † kσr c iσ + h.c. to four independent source and drain electrodes (r = 1.., 4, see left panel of Fig. 1 ). The electrodes (with operators a kσr ) are described by non-interacting electrons with density of states ρ r and chemical potential µ r . The tunneling amplitudes t r i are chosen independent of electron spin σ and lead momentum k. The gate voltages V G,t and V G,b shift the energies of the double dot eigenstates by eV G,t · (n t + α n b ) + eV G,b · (n b + α n t ) where n i = σ n iσ are the occupation numbers of the dots 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 11111111111 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 00000000000 Therefore, we consider symmetric combinations over the corresponding source and drain electrodes, e.g. for current through the top dotÎ t = (Î 1 −Î 2 )/2 and I t = Î t . For each current the (zero-frequency) shot noise power spectrums is given by
The cross-correlations S tb between top and bottom currents are defined as
Expressions for the shot noise and and cross correlations in the sequential tunneling limit were first derived by Korotkov (Ref. 9 and references therein) within a master rate equation approach for single electron transistors, and by Cottet et al. [5, 6] for several quantum dot models. We can analyze the noise and cross-correlations in the frame of the real-time diagrammatic expansion [10] in the coupling constants Γ r = 2π|t r | 2 ρ r to the leads. [8, 11] This is useful if higher order terms such as co-tunneling are investigated. In the present problem the main features are found in lowest order, i.e., for sequential tunneling already.
To describe this situation we can use Fermi's golden rule to obtain the transition rates W χ,χ ′ between eigenstates |χ and |χ ′ of the quantum dot system. Considering the processes involving the electrode r we have
is the energy difference between the states involved, f (x) = 1/(exp (x/T ) + 1) is the Fermi function, and
The total rate is the sum over all electrodes, W = r W r (bold face symbols indicate matrix/vector notation). From the transition rates we obtain the stationary occupation probabilities p st from the stationary master equation, Wp st = 0. To compute the current we also need to account for the direction of tunneling process to/from the quantum dots and the considered lead. The corresponding current rate, e.g., for the top current is
, where N χ is the total number of electrons in the state |χ . The currents can then be expressed as
where for the efficiency of the notation we introduced e T = (1, . . . , 1). [8] In sequential tunneling, the expression for the shot noise (auto-correlation of a given current) consists of two terms. One comes from the "self-correlation" of the two current operators, the other is due to the time evolution of the quantum dot system (in the presence of the electrodes) in the time between the action of current operators. For the cross-correlations, the first term vanishes in sequential tunneling. [5, 6, 9 ] Therefore, the cross-correlations are concisely written as
Here, the conditional probability P accounts for the time evolution mentioned above. [9] It is determined via WP = p st ⊗ e T − 1, which can be derived from the Dyson equation for the full time propagator of the quantum dot system. [8] The more complicated expressions for the cross-correlations in higher order perturbation theory are a straightforward generalization [12] of the shot noise expressions, though care is necessary to correctly account for the rates due to the various electrodes.
Results -Transport in quantum dot systems with a large charging energy U and weak coupling Γ r is dominated by sequential processes, in which a quantum dot is charged by a single excess electron at a time. The transport voltage needs to overcome the sequential We ignored so far that because of the relatively small inter-dot interaction U nn the state (2, 2) can also be reached from (1, 2) (or (2, 1)) in nearly the same gate voltage region than the states (1, 2) ((2, 1)) can be reached from (1, 1). Therefore, the processes involving the state (2, 2) are also involved. However, the above reasoning still holds if the temperature T is larger than U nn , which was the case so far. This changes dramatically when we decrease the temperature, such that U nn = 0.02 > k B T = 0.008 (we also lower the lead couplings to Γ r = 0.001). Now we observe a very different structure of the cross-correlations, as seen in the right panel of Fig. 3 . The symmetric clover shape around a degeneracy vertex changes to L-shapes in the region with the ground state (1, 1), and stripes/bubbles for the other regions.
The L-shape around zero gate voltages (ground state (1, 1)) is due to a break up of the previously spherical region with negative cross-correlations into four regions, which can be distinguished by the number of ways (if any) the state (2, 2) can be reached at the given bias.
As discussed above, around zero gate voltages the system has processes (1, 1) −→ (1, 2) and
(1, 1) −→ (2, 1) available, which leads to negative cross-correlations. On the other hand, if the system can also reach the state (2, 2) from (2, 1) and (1, 2), this would bring about positive cross-correlations. The value of the cross-correlations is a now a question of how much the "positive" processes can compensate the negative cross-correlations of the processes related to the ground state (1, 1).
If both gate voltages are positive, the state (2, 2) can not be reached at all, and we are back to the earlier explanation of (maximum) negative cross-correlations. If we decrease one of the gate voltages (but keep the other fixed) at some point the transport voltage becomes sufficient so that the system can make one of the processes (1, 2) −→ (2, 2) or (2, 1) −→ (2, 2), depending on which gate voltage was lowered. This additional "positive" process leads to less negative cross-correlations in the "legs" of the L-shape.
If we decrease both gate voltages in the same way from zero gate voltage, going along the diagonal in Fig. 3 , we reach an area where the cross-correlations are practically vanishing.
Here, the state (2, 2) can be reached from both states (1, 2) and (2, 1) and, in combination, the positive and negative processes effectively cancel for the cross-correlations. Nevertheless, a finite current flows over both dots.
The L-shapes with positive cross-correlations are explained by a similar combinations of processes, though in reverse order, such that the initially positive cross-correlations are more and more compensated by negative processes as the gate voltages are changed. That we observe no L-shapes for the regions not associated with the (1, 1) ground state is partly due to the limitation of our model to single-level quantum dots. Multi-level dots with a finite level spacing could induce even more structure than presently observed. On the other hand, the present shapes are clearly a consequence of the four charge states around the degeneracy vertices. This structure should be fairly robust given a sufficiently large charging energy U.
As the transport bias dictates which states are available for sequential transport its value will strongly influence the observed shape of the cross-correlations. In the right panel of Summary. -In summary, we found that the cross-correlations of currents through two parallel quantum dots are strongly influenced by the inter-dot Coulomb interactions, the temperature and the transport bias. Processes favoring different signs of cross-correlations lead to various shapes, similar to experimental findings. If the inter-dot Coulomb interaction is much larger than the temperature, the shape changes with increasing transport voltage from a four leaved clover around the charge degeneracy points, to L-shapes and stripes, before the regions start to overlap at large bias. In contrast to the stability diagram, the cross-correlations are not determined by the ground state alone, but depend sensitively on the excited states and the sequence of processes by which these states are reached.
